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Phosphine- and Amine-Borane Dehydrocoupling 
Using a Three Coordinate Iron(II) β-Diketiminate 
Pre-Catalyst 
Nathan T. Coles, Mary F. Mahon and Ruth L. Webster* 
Department of Chemistry, University of Bath, Claverton Down, Bath, United Kingdom. BA2 
7AY. 
ABSTRACT Dehydrocoupling of phosphine- and amine-boranes is reported using an iron(II) β-
diketiminate complex. Dehydrocoupling of amine-boranes is far more facile than the phosphine 
counterpart, the former proceeding at room temperature with 1 mol% iron pre-catalyst. This low 
loading is sufficient to allow in situ kinetic analysis and deuterium labeling studies to take place. 
An iron amido-borane complex has also been isolated, which is believed to be the catalyst resting 
state. Overall, this has allowed us to postulate a catalytic cycle which proceeds via release of 
diborazane and iron hydride and iron amido-borane intermediates. 
KEYWORDS Iron, homogeneous catalysis, dehydrocoupling, dehydropolymerization, 
phosphine-boranes, amine-boranes. 
INTRODUCTION  
Dehydrocoupling of main group compounds is a powerful tool in sustainable catalysis. For 
example, the dehydrocoupling of ammonia-borane (NH3·BH3), due to the high yield of H2 that can 
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be produced relative to the molecular weight of the starting material, means it has the potential to 
be an efficient and atom economic method of H2 storage.
1-20 Dehydrocoupling of other main group 
substrates containing diverse functionality (particularly focusing on other amine- and phosphine-
boranes) not only provide an alternative to ammonia-borane but can be used to synthesize novel 
main group compounds or, with judicious selection of substrate, can be used to prepare main group 
polymers.21-36 Alternatively, they proffer excellent opportunities for mechanistic study32 with 
which new dehydrocoupling catalysis can be developed. In the context of sustainable chemical 
bond transformations, iron catalysis provides an exceptional opportunity to address many of the 
challenges of green chemistry, but it is surprising to note that only recently have a handful of iron 
complexes have been reported for amine-borane dehydrocoupling37-49 and fewer still for 
phosphine-borane dehydrocoupling (Figure 1).50, 51 It has already been shown that simple, three-
coordinate iron(II) β-diketiminates.52-55 are highly tunable complexes, undertaking a range of 
catalytic transformations.56-64 With this in mind, we sought to develop dehydrocoupling to tackle 
a diverse selection of phosphine- and amine-borane substrates whilst using a well-defined pre-
catalyst to produce a detailed mechanistic investigation of (alkyl)amine-borane dehydrocoupling 
reactivity.44, 46 
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Figure 1. Current examples of discrete iron complexes prepared and implemented in ammonia-, 
amine- and phosphine-borane dehydrocoupling.  
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RESULTS AND DISCUSSION 
We initiated our studies by testing three β-diketiminate complexes in phosphine-borane 
dehydrocoupling (1-3, E = P, Scheme 1). The fourth complex (4) has been shown by Chirik to 
effect olefin polymerization65 and contains the same labile CH2TMS co-ligand as complexes 1 to 
3.  
 
Scheme 1. Fe(II) pre-catalysts used to catalyze the dehydrocoupling of phosphine- and amine-
boranes. 
The 2,6-dimethyl complex, 1, gives some dehydrocoupled product 5b after 24 h at 90 °C (Table 
1, Entry 1), changing to the slightly more bulky 2,6-diisopropyl congener, 2, results in an increase 
in yield of 5b to 52% under the same reaction conditions (Entry 2). A further change in substitution 
pattern to complex 3 does not increase the yield. Presumably in this instance steric bulk around 
the iron center is limiting. Pre-catalyst 4 does not give good levels of dehydrocoupling and only 
36% 5b is obtained (Entry 4). This may be unsurprising based on reports from Baker and co-
workers on the dehydrocoupling of ammonia-borane where the authors noted that, when using the 
iron phosphine complex FeH(PMe2CH2)(PMe3)3 although there was evidence for dehydrocoupling 
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taking place, a black precipitate also formed which was not catalytically active.37 The 11B NMR 
spectrum recorded also showed the formation of Me3P·BH3, indicative of catalyst decomposition 
in the presence of borane-substrate. This is similar to our own observations with pre-catalyst 4 in 
the presence of Ph2HP·BH3 where new phosphine-borane adducts are observed by 
11B NMR, 
believed to be ligand-borane adducts.  
Using pre-catalyst 2, we proceeded to optimize the reaction conditions further, finding that 10 
mol% 2 and heating to 110 °C gives selective formation of 5a (Entries 7 and 8). For comparison, 
the non-catalyzed reaction requires heating to 170 °C to generate 5a and cyclic tetramer ((Ph2P–
BH2)4) in an 8 : 1 ratio.
66  
 
Table 1. Optimization of dehydrocoupling using Ph2HP·BH3 as the standard substrate. 
 
Entry Catalyst (loading, mol%) Conditions Spec. Yield (%)a 5a : 5b 
1 1 (5) 90 °C, 24 h, C6D6 30 0 : 1 
2 2 (5) 90 °C, 24 h, C6D6 52 0 : 1 
3 3 (5) 90 °C, 24 h, C6D6 43 0 : 1 
4 4 (5) 90 °C, 24 h, C6D6 36 0 : 1 
5 2 (10) 90 °C, 72 h, C6D6 89 1 : 1.5 
6 2 (5) 110 °C, 72 h, toluene 94 3.3 : 1 
7 2 (10) 110 °C, 72 h, toluene 98 1 : 0 
8 2 (10) 110 °C, 36 h, toluene 95 1 : 0  
Conditions: Ph2HP·BH3 (0.25 mmol), solvent (0.5 mL), argon atmosphere. 
aSpectroscopic yield obtained by NMR: 31P NMR set with a 50 second relaxation delay 
and referenced to H3PO4. 
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Exploring the substrate scope with phosphine boranes shows a large dependency on phosphines 
with phenyl substitution (Table 2, compare Entries 1 and 2). Formation of poly(phosphine-
boranes) is successful and the precipitate of both the high molecular weight (toluene insoluble) 
fraction and the lower molecular weight (toluene soluble fraction) could be separated and analyzed 
by GPC (Entry 3).  For comparison, Manners achieved Mn 59 kDa and PDI 1.6 using only 1 mol% 
Cp(CO)2Fe(OTf) at 100 °C for 24 h, whereas the more coordinating iodide adduct, Cp(CO)2FeI, 
gave Mn 18 kDa after 24 h at 100 °C and required 10 mol% catalyst loading.
51 So although 2 is not 
competitive with Cp(CO)2Fe(OTf) it is interesting that Manners’ change in counter ion leads to 
such a vast change in activity and is a potential area for future research in the context of this study.  
Although a small amount of high molecular weight species is obtained using cyclohexylphosphine-
borane (Entry 4), this product could not be precipitated from the crude reaction mixture and was 
analyzed as a mixture with the low molecular oligomers which form the major reaction product 
(see Supporting Information page 38, for GPC spectrum). Both phenyl- and cyclohexylphosphine-
borane polymerizations were run until the starting material was completely consumed. Worthy of 
note in this respect is Manners and Scheer’s elegant metal-free route to poly(phosphine-boranes) 
from the corresponding Lewis base stabilized phosphine-borane monomer, which gives access to 
otherwise challenging to prepare alkyl-substituted products with high Mn and moderate PDI.
67   
Understanding the mechanism of phosphine-borane dehydrocoupling via kinetic analysis is not 
trivial because of the paramagnetism encountered at fairly high iron loadings. However, 
preliminary studies are possible. By using the dehydrocoupling of Ph2HP·BH3 as the model 
reaction, addition of a sub-catalytic amount of PMe3 to the reaction mixture does not result in 
suppression of the formation of 5a. If the reaction was heterogeneous, and iron nanoparticles were 
present, the addition of a small quantity of phosphine would block the active sites and slow or 
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prevent catalytic turnover.68 Over the standard reaction period for this substrate, 99% 5a forms. 
The thermal reaction in the absence of catalyst and PMe3 results in 39% 5b. We therefore postulate 
that low levels of non-catalytic dehydrocoupling take place to form the dimeric product, but the 
presence of catalyst increases the yield of this species. The formation of 5a under our standard 
reaction conditions is iron mediated and this appears to be a homogeneous process. Use of TEMPO 
as a radical trap or iodo(methyl)cyclopropane as a radical clock does not supresses the formation 
of 5a (99% 5a after 36 h in the presence of TEMPO at 110 °C with 10 mol% 2), suggesting that 
the iron catalyzed aspects are not radical mediated.  
 
Table 2. Phosphine-borane dehydrocoupling substrate scope, catalyzed by 2.  
Entry Substrate Product 
31P NMR Chemical 
Shift, ppm 
(multiplicity)a 
 Spec. 
Yield, %b 
GPC Data 
1 Ph2HP·BH3 
 
−16.6  
(br. s) 
5a 95 
 
N/A 
2 Cy2HP·BH3  16.4 (d),  
−12.2 (s) 
5c < 10 N/A 
3c,d PhH2P·BH3 
 
−46.5 to −58.0  
(br. s) 
5d 
 
61% 
 
 
Mn 55.0 kDa  
PDI 1.9 
 
4d CyH2P·BH3 
 
−33.5 to −42.2  
(br. s) 
5e 
 
<10% 
 
 
Mn 54.6 kDa 
PDI 1.3 
 
Conditions: Phosphine-borane (0.25 mmol), 2 (14 mg, 10 mol%), toluene (0.5 mL), 110 °C, 
argon atmosphere. All 72 h except Entry 1 (36 h). aMultiplicity expressed as br. = broad, s = singlet, 
d = doublet, see supporting information for 11B NMR data and associated spectra. bSpectroscopic 
yield obtained by NMR: 31P NMR set with a 50 second relaxation delay referenced to H3PO4. 
c6 
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mol% 2. Isolated yield of polymer precipitate shown. dSpectra for polymerizations are broad: 
reaction run until complete consumption of starting material. Polymer data measured by GPC 
eluting with THF. Short oligomeric chains (Mn < 2500 kDa) also obtained; see Supporting 
Information pages 36 and 38 for full GPC data.  
 
In an aim to gain mechanistic insight into heterodehydrocoupling, we decided to investigate amine-
boranes (Table 3). The comparative ease with which these substrates dehydrocouple is exemplified 
by the vast reduction in reaction temperature, time and catalyst loading that is needed to facilitate 
the transformation. In most cases the reaction proceeds using 1 mol% 2 at room temperature. The 
structures of the products obtained are in line with those reported elsewhere.69 Trace amounts of 
unreacted starting material (and linear dimer 7, vide infra) are observed at the reaction end point 
for Entries 1 and 2. Dehydrocoupling of ammonia-borane is limited by lack of solubility in 
benzene. Attempts at catalysis in ethereal solvents such as THF or diglyme lead to catalyst 
decomposition, whilst solvent mixtures (e.g. diglyme/benzene) or fluorinated solvents (e.g. 
trifluorotoluene) only give trace amounts of dehydrocoupling. Dehydrocoupling to form borazine 
6e is also hampered by lack of solubility in compatible solvents.  
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Table 3. Amine-borane dehydrocoupling substrate scope, catalyzed by 2.  
Entry Substrate Reaction 
time (h) 
Product 
11B NMR Chemical Shift, 
ppm (multiplicity)a 
 Spec. 
Yield, %b 
1 Me2HN·BH3 12 
 
4.60 (t) 6a 98 
2 MeBnHN·BH3 3 
 
4.3 (m) 6b 99 
3 iPr2HN·BH3 3 
 
34.8 (t) 6c 100 
4b H3N·BH3 48  - 6d N.R. 
5b 
 
48 
 
- 6e N.R. 
Conditions: Amine-borane (0.25 mmol), 2 (1.4 mg, 1 mol%), C6D6 (0.5 mL), RT, argon 
atmosphere. aMultiplicity expressed as t = triplet, m = multiplet, see supporting information for 
coupling constants and associated spectra. bSpectroscopic yield obtained by 11B NMR, N.R. = no 
reaction. bIdentical results obtained in C6D6, diglyme/C6D6 (1:1) and trifluorotoluene. Each 
reaction performed at RT and 40 °C. 
 
The reaction conditions used to dehydrocouple dimethylamine-borane, to generate 6a, are 
perfectly suited to a reaction monitoring study as can be seen from the reaction profile (Figure 2). 
Over the course of the reaction the dimer (Me2HN·BH2–Me2N·BH3, 7) grows into the reaction 
mixture and is cyclized to form the product 6a. Over the course of two half-lives, a first order 
relationship in starting material consumption is observed for the standard reaction (0.5 M 
Me2HN·BH3, see Supporting Information, Figure S3) and there is an initial turnover frequency of 
68 h−1 (based on consumption of starting material). Manners showed that 55% yield of 6a is 
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achieved with 1 mol% of the iron dimer [CpFe(CO)2]2 after 4 hours with photoirradiation, an 
almost identical result to our own using 1 mol% 2. A plot showing the initial rate of reaction of 
Me2HN·BH3 at different concentrations gives data consistent with saturation-type kinetics (Figure 
3). By monitoring the uptake of starting material at different loadings of 2 the reaction is first order 
in catalyst (Figure 4).  
 
 
Figure 2. Reaction profile showing the consumption of Me2NH·BH3 (●) and formation of 7 () 
and 6a () over time. 
55% 6a, 4 h 4 min 
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Figure 3. Plot of the initial rate of reaction of Me2NH·BH3 at various loadings of Me2NH·BH3, 
where the line of best fit is a Michaelis–Menten saturation curve. 
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Figure 4. Plot of ln([Me2NH·BH3]t/[Me2NH·BH3]0) at various catalyst loadings. Reactions 
monitored until over 80% Me2NH·BH3 has been consumed. Standard substrate concentration (0.5 
M). ● 2 mol%, y = −5.28E−4x, R² = 99.7; ● 1.5 mol%, y = −4.04E−4x, R² = 92.3; ● 1 mol%, y = 
−2.35E−4x, R² = 99.4; ● 0.6 mol%, y = −1.35E−4x, R² = 98.8. Insert: 1st order plot for [2]. 
 
Deuterium labeling studies using 11B NMR on the uptake of starting material give kinetic isotope 
effects (KIEs) of 1.6 ± 0.1 for N–H/D, 2.0 ± 0.2 for B–H/D and 3.0 ± 0.2 when the fully deuterated 
substrate is employed. KIEs for the formation of product are also moderate: N–H/D 2.5 ± 0.2, B–
H/D 2.1 ± 0.2 and Me2ND·BD3 gives a KIE of 3.6 ± 0.3 (see Supporting Information, Figures S12 
and S13). The moderate B–D KIE could be consistent with the presence of a non-linear transition 
state70  whilst the KIE for N–D substrate is somewhat lower than expected if N–H cleavage is rate-
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limiting.71 However, given the complexity of the catalytic reaction, with the reaction involving the 
growth of 7, it is difficult to relate the KIEs obtained to individual steps.72 
 
Synthesis and isolation of potential iron-based intermediates is not trivial; considering the reaction 
proceeds rapidly at room temperature with only 1 mol% 2, isolation of the intermediate from a 
stoichiometric reaction of 2 and Me2NH·BH3 is challenging. We have been able to synthesize and 
isolate our postulated reaction intermediates without having to rely on model compounds (e.g. 
R3N·BH3 or R2NH·BR’3).  The iron amido-borane adduct (8) can be prepared by reaction of 2 with 
one or two equivalents of Me2NH·BH3 at room temperature and is isolated as yellow plates 
crystallized at −35 °C (Figure 5).73 When one equivalent is used a mixture of 8 and 2 are observed 
by 1H NMR. 8 contains short iron-hydride contacts (Fe1-H2A 2.09(3) and Fe1-H2B 1.88(3) Å). 
However, the X-ray data do not support an assertion that these B–H bonds (B2–H2A 1.18(3) and 
B2–H2B 1.19(2) Å) are elongated when compared to boron-hydride bonds that are not interacting 
with the iron center (for example compare to B2–H2C 1.14(3), B1–H1D 1.15(3) and B1–H1E 
1.22(4) Å). The iron hydride dimer (9, Figure 6) can also be formed using kinetic control 
synthesized at −78 °C. Complex 9 is obtained,74 co-crystallized with pentane, as orange rectangular 
plates and contains iron hydride bonds that are much shorter than the contacts observed in complex 
8 (for 9, Fe1–H2 1.64(3) and Fe2–H2 1.64(2) Å).75 9 also contains an iron-iron distance of 
2.4660(7) Å, which is in agreement with the standard bonding distance anticipated for a dibridged 
Fe–Fe bond.76 In situ NMR monitoring of a catalytic reaction shows the presence of 8 only. Use 
of 8 in a catalytic reaction gives a similar reaction profile and yield of 6a to that obtained using 2 
after 12 h at RT (see Supporting Information, Figure S9). 
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Figure 5. Molecular structure of complex 8. Ellipsoids are represented at 30%. Hydrogen atoms 
omitted for clarity, with the exception of those bound to boron atoms. 
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Figure 6. Molecular structure of complex 9. Ellipsoids are represented at 30%. Hydrogen atoms 
omitted for clarity, with the exception of the hydride ligands. 
 
Based on our experimental evidence, we postulate a catalytic cycle which proceeds via a series of 
σ-bond metathesis steps (Scheme 2). We envisage that the catalyst is activated by dimethylamine-
borane, generating an on-cycle iron amido-borane intermediate and releasing Si(CH3)4. As noted, 
stoichiometric reaction of 2 with one equivalent of dimethylamine-borane does not give the first 
on-cycle iron amido-borane intermediate, presumably this species is not long lived and during 
catalysis undergoes rapid reaction to form 8. This intermediate therefore quickly reacts with 
another equivalent of amine-borane, releasing dimeric intermediate 7 and generating an iron 
hydride. Based on our kinetic data, we propose that the hydride is mononuclear during catalysis, 
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but is crystallized as the more stable dimer, 9. The hydride has the potential to react with more 
amine-borane starting material and generate H2, or for a productive catalytic process, react with 7 
to generate the highly ordered catalyst resting state 8. Hydride elimination from 8 releases 6a and 
generates iron hydride. A small (<< 1%), constant quantity of sp2 product Me2N=BH2 is observed 
in the reaction mixture. Although we cannot conclusively rule out autocatalytic dimerization of 
Me2N=BH2 to form 6a, we believe our data is consistent with dehydrogenative cyclization at 8 to 
form 6a. This is substantiated by the uniform conversion of 7 into 6a, as demonstrated by the 
reaction profile shown in Figure 1, which contrasts with Lloyd-Jones and Weller’s leading 
mechanistic study using an Rh pre-catalyst that involves Me2N=BH2 as a key intermediate.
77 It is 
also worth noting that when 8 is allowed to decompose to form 6a, Me2N=BH2 is not observed at 
any point. In short, the data are more consistent with mechanistic studies on Me2NH·BH3 
dehydrocoupling which proceed via 744, 69, 72, 78, 79 and similar examples of amine-borane 
dehydrocoupling which are reported to proceed via σ-bond metathesis involving 7.80, 81 7 has also 
been prepared via an alternative synthetic procedure (see Supporting Information page 4) and 
reacted with 5 mol% 2, giving complete conversion to 6a within the standard 12 hour reaction 
time, again supporting our proposed mechanism (see Supporting Information, Figures S10 and 
11).   
Addition of cumene, TEMPO and chloro(methyl)cyclopropane has no effect on the reaction, which 
is still complete in 12 hours. The reaction mixture is a pale yellow, transparent solution indicating 
that it is not a heterogeneous reaction, but this is furthered by the addition of a sub-catalytic loading 
of tertiary phosphine (0.2 mol% PMe3 or PPh3), which fails to quench the catalysis. Formation of 
7 is also consistent with Manners’ studies on CpFe(CO)2I catalyzed dimethylamine-borane 
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dehydrocoupling, which was also determined to be homogeneous (with heterogeneous reactions 
often favoring Me2N=BH2 as an intermediate).
44  
 
 
Scheme 2. Proposed catalytic cycle for amine-borane dehydrocoupling. 
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CONCLUSIONS 
To summarize, we have demonstrated that a three-coordinate Fe(II) complex is catalytically active 
in the heterodehydrocoupling of phosphine- and amine-boranes. Although mechanistic insight into 
phosphine-borane dehydrocoupling has been hampered by the reaction conditions, we are 
confident that this reaction is homogeneous and radicals are not involved. The same pre-catalyst 
also dehydrocouples amine-boranes via a homogeneous, non-radical mediated process. This is a 
rare example of heterodehydrocoupling of phosphine- and amine-boranes being undertaken by the 
same pre-catalyst and furthermore is one of the few examples of iron catalyzed phosphine-borane 
dehydrocoupling. We used dimethylamine-borane as a model compound and gained detailed 
mechanistic insight, postulating a catalytic cycle and isolating an unusual iron chair-like complex, 
believed to be the catalyst resting state. The reaction mechanism proposed is complementary to 
those proposed for transition metal catalysts elsewhere in the literature.32 
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